The increasing availability of the long half-life positron emitter suggests that it is a strong candidate for cell labelling and hence cell tracking using positron emission tomography. The aim was to produce a range of neutral ZrL 4 lipophilic complexes for cell labelling which could be prepared under radiopharmaceutical conditions. This was achieved when the ligand was oxine, tropolone or ethyl maltol. The complexes can be prepared in high yield from zirconium(IV) precursors in hydrochloric or oxalic acid solution.
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Introduction
The increasing availability of the positron emitter zirconium-89 combined with its half life of 78.4 h suggests that it is a strong candidate for cell labelling and hence cell tracking in vivo using positron emission tomography (PET), affording the opportunity to exploit the advantages of PET over conventional gamma camera imaging of cells labelled with the gamma emitter indium-111. Although the favoured oxidation state of zirconium is 4+ (compared to 3+ for indium) there are parallels between the two metals in their reactivity and preferred ligand types. This raises the possibility that the mechanism exploited to label cells with In-111 (i.e. use of metastable chelates that enter cells by virtue of their lipophilicity followed by dissociation within cells leading to intracellular trapping of the radiometal [1] [2] [3] [4] ) might be exploited in the case of zirconium-89. Tetravalent zirconium is known to form complexes with monobasic bidentate ligands such as oxinate, 5 tropolonate 6 and hydroxamates 7 of the stoichiometry ZrL 4 , bearing analogy to InL 3 .
8, 9
Here we describe methodologies for the synthesis and characterisation of Zr(IV) complexes containing oxine, tropolone and ethyl maltol ligands. Conditions compatible with the radiopharmacy, where zirconium-89 is typically available in hydrochloric or oxalic acid solution, were investigated. The characterisation of these compounds underpins understanding of their utility in radiolabelled form for cell labelling, and provides chromatographic standards for identification and quality control of the radioactive species. The synthesis of Zr(oxinate) 4 , by reacting ZrCl 4 with oxine either in THF or in the absence of solvent was first reported in 1968 10 and the X-ray crystal structure of Zr(oxinate) 4 .(PhMe) 3 was reported in 1974. 11 There has been renewed interest in Zr(oxinate) 4 2 has been shown to be a catalyst for ethylene polymerisation, 13 but we can find no previous reports of Zr(ethyl maltolate) 4 .
Results and Discussion
Synthesis and Characterisation
Zr(oxinate) 4 was initially prepared in 71% yield by the reaction of ZrCl 4 with 4 molar equivalents of oxine and an excess of piperidine followed by Soxhlet extraction with 1, 4-dioxane, in a similar manner to the reported synthesis of beta-Zr(oxinate) 4 (Method 1).
5
NMR spectroscopic data and elemental analysis were in accord with the formation of the desired compound and previous reports (see experimental). 5 IR and Raman spectra were assigned by comparison with Ga(oxinate) 3 . 14 The characteristic ν(OH) stretching band, located at 3176 cm -1 in the IR spectrum of oxine disappears in the complex due to deprotonation of the ligand and the band assigned to the υ(C-O) vibration moves to lower energy in the complex (from 1093 to 1054 cm -1 in the IR and from 1101 to 1054 cm -1 in the Raman spectrum).
The UV-visible spectrum (see Table 1 ) of Zr(oxinate) 4 in acetonitrile has an absorption at 380 nm (previously reported in toluene at 387 nm) 5 assigned to a π→π* transiƟon in the ligand by comparison with related complexes. 15 The molar absorptivity is approximately four times that observed for oxine in accord with the chromophore being ligand-based rather than involving the zirconium. 4 MeOH 224 (64000 ± 5000), 312 (21000 ± 1000)
In order to prepare Zr(oxinate) 4 from zirconium (IV) chloride in 1M HCl the acidic solution was first neutralised with NaOH followed by addition of aqueous oxine resulting in the precipitation of Zr(oxinate) 4 after reduction of the solvent volume (Method 2).
Spectroscopic data confirmed that the complex isolated was the desired compound.
Attempts to prepare Zr(oxinate) 4 16 and tristropolonato lanthanum, neodymium, samarium and ytterbium complexes. 17 Electronic absorptions for free tropolone in methanol were in accord with those previously observed in DMSO. 16 The absorpƟons are due to π→π * transitions and analogous transitions are observed in Zr(tropolonate) 4 with increased extinction coefficients attributed to the presence of four tropolone rings with enhancement by the contribution of a charge transfer transition. 16 Zr(tropolonate) 4 was also successfully prepared from of ZrCl 4 in 1M HCl or protons to lower frequencies in relation to the ligand demonstrates the loss of aromaticity due to the donation of electron density to the metal. IR and Raman spectra were assigned by comparison with bis(maltolato) vanadium 18 and zinc 19 and tris(maltolato) gallium 20 complexes. An electronic absorption for ethyl maltol in methanol was recorded as 268 nm having been observed previously in toluene at 286 nm and interpreted as a π→π * transitions of the β unsaturated enone. 13 In Zr(ethyl maltolate) 4 
High Performance Liquid Chromatography
The HPLC of oxinate complexes has previously been reported when oxine was used as a precolumn chelating agent for reverse-phase HPLC multi-element (Zn, Al, Co, Cr, Cu, Ga, In and Fe) determinations. 21 For ions other than the kinetically inert Co(III) and Cr(III), excess ligand was required in the mobile phase to observe good chromatographic properties, presumably due to ready ligand dissociation occurring during passage through the column. A large range of columns and solvents were evaluated in order to arrive at conditions suitable for using these compounds as standards for chromatographic identification of their radioactive analogues.
For Zr(oxinate) 4 
Instant Thin Layer Chromatography (ITLC)
Instant thin layer chromatography (ITLC) can provide a quick and accurate test for radiochemical purity and hence its use was explored for the zirconium complexes (see Table   2 ). The oxine and tropolone ligands and their zirconium complexes were visualised by UV for cell tracking and detailed evaluation is currently ongoing.
Conclusions
The aim was to produce a range of neutral ZrL 4 complexes for cell labelling which could be prepared under radiopharmaceutical conditions. This was achieved using oxinate, tropolonate or ethyl maltolate as uninegative bidentate ligands to prepare neutral eight coordinate Zr(IV) complexes. The complexes can be prepared in high yield from zirconium precursors supplied in high concentrations of hydrochloric or oxalic acid following neutralisation. The oxine and tropolone complexes were the most amenable to chromatographic characterisation with both HPLC and ITLC conditions established to monitor their purity. 89 Zr(oxinate) 4 complex is able to radiolabel cells with good yields and good retention over 24 h; it is currently undergoing detailed evaluation for cell labelling and in vivo tracking by PET imaging.
Experimental
NMR analysis was undertaken using a JEOL NMR ECS-400 and JEOL Delta v5.02 software. HPLC was performed using a Dionex Ultimate 3000 system with data processing using 4 was dissolved in 10-20 μL of DMSO and diluted to 1-3 mL with phosphate buffered saline (PBS). Samples were analysed on silica gel impregnated ITLC strips (ITLC-SG;
Agilent, UK) with ethyl acetate mobile phase. 8-9 cm long strips were developed in 50 mL centrifuge tubes. Chromatograms were evaluated on a LabLogic MINI-SCAN radio TLC linear 14 scanner connected to a LabLogic B-FC-3200 NaI detector for gamma photon detection.
89 Zr(tropolonate) 4 and 89 Zr(ethyl maltolate) 4 were prepared similarly.
Cell Cultures
HCT116: colon cancer, J774: mouse macrophage and MDA-MB-231 breast cancer cell lines were cultured as adhesion cells at 37°C with CO 2 at 5 % under a humidified atmosphere.
Uptake Experiments
89 Zr(oxinate) 4 , 89 Zr(tropolonate) 4 and 89 Zr(ethyl maltolate) 4 were diluted to an activity of 0.05 MBq in 50 µL of a serum free medium. This was then added to glass test tubes containing the cell line under investigation (~1 x 10 6 cells) in 500 µL of a serum free medium.
The percentage of uptake was determined in triplicate at 1, 15, 30, 45 and 60 minutes after adding the tracer to the cell line under investigation. Percentage uptake was determined at each of the time points by centrifuging the sample for 5 minutes at 2500 RPM. 450 µL of supernatant was collected using a micro pipette and placed into a clean glass vial. The supernatant (S) and cell pellet (C) were placed separately into a gamma counter to calculate the percentage of radioactivity in the labelled cells using the equation; (C / (C + S)) x 100.
Controls were the uptake of neutralised 89 Zr(oxalate) 4 and the determination of the degree of binding of the tracers to the glass test tubes.
Efflux Experiments
Following the method reported above the 89 Zr tracers were allowed 30 minutes for uptake to occur in the respective cell lines. Efflux was measured at time points of 1, 2, 3, 20 and 24 hrs depending on the tracer. Samples were centrifuged at ~ 2000 RPM for 5 mins. 450 µL of supernatant was then removed from the glass reaction vial. Cell pellets were washed with phosphate buffered saline (PBS) 500 µL x 2 to remove any excess tracer. Fresh media (with serum, 500 µL) was added to each reaction vial. Samples were incubated at 37°C until the required time point. At the required time point the sample was centrifuged at 3000 RPM for 5 mins to obtain a cell pellet. Supernatant (~400-500 µL) from each reaction vial was placed into a new vial and matched to its cell pellet and both were analysed for radioactivity 15 utilising a gamma counter. Percentage retention of the tracers in the labelled cells was calculated by the comparison of the total activity in the cells and the supernatant.
